The Entre Rios mining district produces a large volume of amethyst geodes in underground mines and is part of the world class deposits in the Paraná volcanic province of South America. Two producing basalt flows are numbered 4 and 5 in the lava stratigraphy. A total of seven basalt flows and one rhyodacite flow are present in the district. At the base of the stratigraphy, beginning at the Chapecó river bed, two basalt flows are Esmeralda, low-Ti type. The third flow in the sequence is a rhyodacite, Chapecó type, Guarapuava subtype. Above the rhyodacite flow, four basalt flows are Pitanga, high-Ti type including the two mineralized flows; only the topmost basalt in the stratigraphy is a Paranapanema, intermediate-Ti type. Each individual flow is uniquely identified from its geochemical and gamma-spectrometric properties. The study of several sections in the district allowed for the identification of a fault-block structure. Blocks are elongated NW and the block on the west side of the fault was downthrown. This important structural characterization of the mining district will have significant consequences in the search for new amethyst geode deposits and in the understanding of the evolution of the Paraná volcanic province.
INTRODUCTION
The large-scale amethyst geode production (600 ton/month) from mines in the Paraná volcanic province, mostly Ametista do Sul (Brazil) and Los Catalanes (Uruguay) makes the understanding of the structure of mining districts a major topic in volcanic geology. The Entre Rios mining district in Santa Catarina, Brazil, has a large, unmeasured production of amethyst geodes. The establishment of lava stratigraphy and overall structure of the district is most significant for the discovery of new deposits. Only preliminary observations were previously made on the district (Juchem et al. 2010) , so this is a novel contribution to the geology of the Entre Rios mining district with significant implications for the entire volcanic province.
The Paraná volcanic province is a major geological unit ( Fig. 1 ) in southeastern South America (917,000 km 2 ; Frank et al. 2009 ) and is composed of many (possibly 120) lava flows in each stratigraphic section. The rocks have varied bimodal compositions, mostly basalt and rhyodacite (e.g., Bellieni et al. 1984 , Hartmann et al. 2010a and are included in the Serra Geral http://dx.doi.org/10.1590/0001-37652014201120004
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Group. The volcanic group is near the top of the Paraná basin (zalán et al. 1991) and the age of the rocks is close to 135 Ma (e.g., , Janasi et al. 2011 .
the sandstones, e.g. Ametista do Sul mining district, Brazil. The Entre Rios mining district ( Fig. 2) is also approximately 1,000 m above the contact with the paleo-erg. The district is located in a transitional region between low-Ti basalt flows in the south and high-Ti flows in the north of the Paraná volcanic province (Bellieni et al. 1984 , Peate et al. 1992 . It is in the depocenter region of the Paraná basin (e.g., Arioli et al. 2008) . Underground mining of amethyst and agate geodes occurs in basal andesite and basaltic andesite flows near the contact with the underlying Botucatu Formation eolian sandstones, e.g. Los Catalanes gemological district, Uruguay, but also in basalts situated 1,000 m above the contact with The Serra Geral Group differs from other continental flood basalt provinces due to its position above the Guarani aquifer (Araújo et al. 1999) , which is contained in the Botucatu Formation. The fluid supersaturated in silica that caused the hydrotermal alteration, the formation of the silica gossan and the opening and filling of amethyst geodes, originated in this aquifer (Duarte et al. 2009 , Hartmann et al. 2010a .
Previous studies in mineralized regions of the Paraná volcanic province led initially to the understanding that the protogeodes were formed by degassing of the basaltic lava at high temperature (1,150°C), e.g. Gilg et al. (2003) , Proust and Fontaine (2007) and Morteani et al. (2010) . The observation that the basalts attained brittle conditions (130°C) and were intensely altered to smectite and zeolites before AMETHYST-BEARING LAVAS FROM ENTRE RIOS, PARANÁ PROVINCE the protogeode formation led to a more accurate hypothesis of low-temperature, epigenetic origin of the cavities (Duarte et al. 2009 , Hartmann et al. 2012a , also supported by Commin-Fischer et al. (2010) . The fluid that formed silica minerals in the geodes originated in the Guarani aquifer (Gilg et al. 2003) . Only low-temperature (commonly ˂80°C) minerals are present in the geodes, as shown by oxygen isotopes (Juchem et al. 2010 , Morteani et al. 2010 , Duarte et al. 2011 and no epidote, chlorite or amphibole are known in the basaltic province, so higher temperature than 130°C should not be considered for the alteration and mineralization.
Volcanic rocks in the Entre Rios district are nearly horizontal, so the presence of vertical faulting is commonly overlooked. Evidence of large faults is readily seen in satellite images, but these are usually considered transcurrent, similar to the eastern border of the volcanic province (e.g. Jacques et al. 2010) . The district of Entre Rios is located in the western region of the state of Santa Catarina, where the Serra Geral Group is transitional between low-Ti basaltic flows in the south and the high-Ti flows in the northern portion of the group (Peate et al. 1992) . The region has an elevation of up to 740 m above sea level (a.s.l.), with the base of the studied stratigraphy at 389 m along the Chapecó River bed. Only recently has the fault-block structure of the Ametista do Sul mining district (100 km to the south of Entre Rios) been recognized (Rosenstengel and Hartmann 2012) . The investigation of the structure of mining districts and other portions of the Paraná volcanic province is most significant for the understanding of the processes responsible for the opening of the South Atlantic Ocean.
Sand injectites are observed in the Serra Geral Group, both in amethyst and agate geodemineralized and barren portions (Hartmann et al. 2012c, d) . In spite of extensive weathering and soil cover of the studied region, silicified sand dikes in basalt and massive sandstones inside geodes are observed in the Entre Rios mining district (Fig. 3) . We presently report field mapping, rock geochemistry and gamma-spectrometric emission rates of rocks and integrate this evidence to determine the local stratigraphy and overall district structure. The Entre Rios district in the state of Santa Catarina (Fig. 1) offers a rare opportunity for the study of the varied processes related to volcanism, hydrothermal alteration, sand injection, geode mineralization, lava stratigraphy and block-faulting in a context of a major continental flood basalt province.
MATERIALS AND METHODS
Previous investigations of mineralized and barren portions of the Paraná volcanic province were initially revised (e.g., Peate et al. 1992 , Nardy et al. 2008 , Duarte et al. 2009 , Hartmann et al. 2010a , b, 2012a , b, c, d, Pinto and Hartmann et al. 2011 , Pertille et al. 2013 , Rosenstengel and Hartmann 2012 . Field work followed satellite image study to determine the geological relationships of the lava flows, the amethyst geode mineralization and the faulting of the rocks in the district. In addition, the gamma-ray emission rate of the outcrops was measured with a portable gamma-ray spectrometer (Exploranium model GR110). Rock samples (n = 21) were collected (location in Fig. 2 ) for petrographic study and analyzed for their chemical composition in the ACME laboratory, Canada, using methods for groups 4A and 4B.
RESULTS
The integrated use of field relationships, geochemistry and gamma-spectrometry led to the identification of the lava flows present, their stratigraphy and the overall fault-block structure of the mining district (Table I ). Field and petrographic characterization support the proposed stratigraphic section. Flows 5 and 6 are mineralized in amethyst-geodes. 191 
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The geochemical analysis of rocks was an essential tool for the characterization of lava flows in the mining district of Entre Rios (Fig. 4) , because each flow has a characteristic concentration of major, minor and trace elements, mainly TiO 2 , P 2 O 5 , MgO, k 2 O, zr, U, Nb, Sr, Rb, Th, and y (Fig. 5) . The geochemical composition indicates the presence of varied magma types in the district and an overall faultblock structure. Three contrasting basalt magma types (Peate et al. 1992 ) are present in the mining district, the low-Ti Esmeralda, the high-Ti Pitanga and the intermediate-Ti Paranapanema types, in addition to a Chapecó-type (Guarapuava subtype, Nardy et al. 2008 ) rhyodacite (SiO 2 ~64.5 wt.%). The overall stratigraphy includes eight flows with individual flow thicknesses estimated at 25-60 m. Basalt compositions in the seven flows range from SiO 2 = 44.35 to 51.63 wt.%. The amethyst geode mineralization occurs in two Pitanga-type flows (numbered 4 and 5; see Table II ). Location and elevation of each analyzed sample are given in Table III .
The rhyodacite flow is an important stratigraphic marker in the district, because it is located at the top of the Esmeralda-type basalt flow 2 and therefore below four Pitanga-type basalt flows. A Paranapanema-type basalt occurs on top of the stratigraphic sequence.
The Esmeralda-type lavas have low silicon content (SiO 2 = 49.15 to 50.89 wt.%), low Ti, P 2 O 5 and k 2 O, Rb, Sr, zr, U, Th and Nb. The highest MgO (7.1 wt.%) occurs in lava 1, present in the Chapecó river bed, while MgO varies between 3-5 wt.% in most basalts. Flow 5 has different characteristics from the other basalts, because it is enriched in most incompatible trace elements; e.g., P 2 O 5 , zr, Rb, U and Nb (Fig. 5) . As expected, the rhyodacite is much richer in k 2 O, Nb, Rb, Th, U, zr, y and Sr relative to the basalts.
The Gamma-spectrometric readings are also characteristic of each flow and can be used as a field guide for the quick correlation of outcrops, particularly the continuous exposures of two or three different flows. The cps values are directly related to the contents of k 2 O, U and Th of the rock (Fig. 6 ). The rhyodacite (flow 3) stands out at 135 cps, whereas the basalts vary from 35-80 cps.
The presence of silicified sand as dikes, sills and partly filling geodes seems to be a necessary requirement for the formation of the silica ore. The sand was probably injected 1,000 m upwards from the buried, non-lithified erg at the time of volcanism, in a process similar to the underground sand mobilization described from the North Sea offshore basins (Hurst et al. 2011) .
The hydrothermal alteration of the rocks in the district is evidenced by the significant presence of smectite in all basalt flows, the occurrence of celadonite in mineralized basalts both filling amygdales and rimming amethyst geodes. Also, the presence of veins of silicified sandstones in mineralized basalt flows and the intense silicification in the flow of the hilltop are evidence for hydrothermal processes. Another evidence is the presence of hydrothermal breccia below flow 8 (Paranapanema, intermediate-Ti type), which has columnar jointing and displays the presence of hydrothermal breccias (Hartmann et al. 2010a, b) characterize a silica gossan (Pertille et al. 2013) which is an important structure for the geological exploration of amethyst geodes. Silica gossans are present at the top of the uppermost flow. The distribution of the lava flows in the mining district displays a marked structure of fault-blocks with downthrow to the west (Figs. 7, 8 ). This is similar to the structure identified by Rosenstengel and Hartmann (2012) in the Ametista do Sul mining district situated 300 km to the south. The faulting is usually interpreted as a consequence of the opening of the South Atlantic Ocean in the Cretaceous. 
CONCLUSIONS
Most significant conclusions are reached regarding the geological constraints of the amethyst geodes in the Entre Rios mining district. Among the eight flows present, only flows 4 and 5 are currently mined, but marked silica gossans occur at the top of the eighth flow. One rhyodacite occurs intercalated with seven basalt flows and these belong to the Esmeralda, Pitanga and Paranapanema chemical types. This is a result of intense variation in the mantellic and crustal processes responsible for the generation of the volcanism present in the district. The ore was generated by intense hydrothermal alteration of the basalts at low temperature, after the injection of sand from the deeply buried paleoerg. The distribution of the lava flows indicates a fault-block structure for the mining district, and this is of major significance in the search for additional deposits.
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